With the increasing use of electronic health records for research, the need for clinicians to understand register-based research will become more important in the future. Based on our expertise we have compiled 12 tips for conducting register-based research. We aim to improve the subject knowledge of medical educators and those intending to critically appraise register-based studies. In addition, we aim to create a practical guide for those considering using register data in their own research. Our tips summarise characteristics of the research process specific to registerbased research, from study design and ethical considerations, to validating the register and managing the data.
Introduction

What is evidence based medicine?
Evidence based medicine, i.e. "the conscientious, explicit and judicious use of current best evidence in making decisions about the care of individual patients" (Sackett et al. 1996) , is a fundamental concept in contemporary clinical practice (Mellis 2015) . It has been ranked alongside vaccines, anaesthesia and contraceptive pills as one of the top 15 medical milestones since 1840 (Godlee 2007) . To practice evidence based medicine, it is essential for medical students and clinicians to understand the design, analysis and limitations of original research (Windish et al. 2007 ; General Medical Council 2009). Such understanding will allow them to critically appraise and interpret published research and to formulate research questions of their own.
Barriers to evidence based medicine
Most medical schools provide training in epidemiology and critical appraisal (Gillam & Bagade 2006) . However, students have difficulty in understanding these subjects (Moffat et al. 2004) . Beyond medical school, clinicians have limited knowledge of epidemiological concepts (Windish et al. 2007 ). For example, only 39% of a sample of medical residents in the US were able to recognise a case-control study and just 47% were able to recognise the definition of bias (Windish et al. 2007) . Further improvements to medical education in clinical epidemiology are thus essential for the future of evidence based medicine.
Overcoming barriers to evidence based medicine in relation to register-based research
Content (subject) knowledge is one of the six core teaching competencies for medical educators (Srinivasan et al. 2011) . To meet this competency, medical educators in the field of epidemiology must have detailed knowledge of a broad range of study designs and an awareness of the potential limitations of such designs. With the increasing use of electronic health records for research (Weiner & Embi 2009) , the need for clinicians to understand register-based research will become more important in the future. It is therefore timely for us to use our experience in this field to compile 12 tips for conducting register-based research. We aim to improve the subject knowledge of medical educators and those intending to critically appraise register-based studies. In addition, we aim to create a practical guide for those considering using register data in their own research.
What is register-based research?
Outwardly, there may be few factors differentiating register-based research from traditional epidemiological research, except that data are obtained from registers rather than from surveys or clinical information (Thygesen & Ersboll 2014) . Nonetheless, important differences between these data sources do exist (Thygesen & Ersboll 2014) . The United Nations Economic Commission of Europe's (2007) report on register-based statistics in the Nordic countries identifies four key features that define a register:
A register is a systematic collection of unit-level data (a unit is often, but not always, an individual) 1.
Data in a register are regularly updated so that changes in the data are recorded 2.
Each unit in a register can be uniquely identified 3.
Registers contain information on a complete target population (group of units), which is defined by precise 4. rules Using this type of data for research has unique strengths and limitations, which have been described previously (Olsen 2011; Thygesen & Ersboll 2014) . In brief, registers provide a timely and cost-effective source of data that enable large-scale studies with long follow-up periods and low susceptibility to selection bias, recall bias and loss to follow-up. However, data are usually collected for administrative purposes so researchers have limited control over the type of information collected and the quality of that information. In addition, there are characteristics of the research process specific to register-based research, which we describe in more detail below.
Tips
Tip 1: Consider whether register data is suitable to address the research question at hand The process to request and obtain access to register data already begins when formulating the research question. As with all research, it is crucial to á priori state the specific problem including hypotheses about biological mechanisms and relevant pathways, as well as potential subgroup analysis, because this will have direct consequences for the most appropriate choice of study design (Sackett & Wennberg 1997; Danaei et al. 2013) . Conducting a systematic literature review and meta-analysis is useful to identify what is known and what is not yet known about a subjectthe gap of knowledge (Brusselaers 2015) . It identifies uncertainties and discrepant results, and potential explanations for these. The research question you want to address directs the review, which in turn guides further development of the research question. A scientifically based well-defined research question is crucial to avoid potential pitfalls like confounding or reverse causation.
Registers are particularly useful for large-scale cohort studies, especially when long follow-up is needed, but can also be used for case-control studies, case-cohort studies and as a base for register-based randomised clinical trials (Frobert et al. 2013 ). However, registers may not be suitable for all research questions. For example, it may not be possible to address problems that involve factors that are not routinely collected. Similarly, there may be data lacking for potential confounders of interest. In these situations, a judgment must be made whether the advantages of using register data outweigh the limitations of possible residual confounding. Of note, register-based data are not limited to the government-administered registers. It is often possible to access information on factors such as life quality, smoking and body mass index through quality registers (Emilsson et al. 2015; Norgaard & Johnsen 2016) . Quality registers are most useful when conducting follow-up analysis using the cases as a cohort. However, when information is gathered from registers to which reporting is not mandatory, such as disease quality registers, the material used for analyses is no longer population based, so selection bias may have been introduced if the likelihood of being included in the analysis is related to both the studied outcome (i.e. the dependant variable) and the exposure (i.e. the independent variable) of interest.
Tip 2: Evaluate if minimum requirements for register-based research are available
There are three minimum requirements for register-based research. Firstly, each individual in the register must be assigned a unique identification code. Where this code is consistent between multiple data sources the sources can be linked. The ability to link information from multiple registers greatly enhances the scope of research questions that can be addressed. Secondly, a legal framework for using the data and combining data from multiple sources must be in place. Thirdly, the register should have a reasonable level of quality and completeness. Sweden is set up with unique identification codes of the entire population (described previously (Ludvigsson et al. 2009b) ) and legal processes that correspond to most research situations (Nordic Council of Ministers 2014; Ludvigsson et al. 2015) . Not all countries may have these advantages and advice on legal requirements should be sought before embarking on register-based research. Issues of register data validity will be discussed in tip 7; however, low quality and largely incomplete registers prevent useful research from being conducted.
Tip 3: Build a research team with the necessary expertise to successfully complete the project
The optimal team for performing high quality register-based clinical studies typically includes clinical, epidemiological, biostatistical, sociological and pathophysiological competence. Clinicians are needed to formulate the most clinically relevant questions. Clinicians will also help assessing the validity of different codes in the registers, based on their use in clinical practice. Note, for example, that the International Statistical Classification of Diseases and Related health Problems (ICD)-codes have changed over the decades, so knowledge about the different codes used throughout the whole period you are studying is important. Epidemiological competence is important, since in a typical register-based project there are an abundance of possibilities to go astray in the veritable jungle of study design options. Ideally, you should try to find collaborators who have already published high quality studies Page | 4 using a specific exposure or outcome, and who have already gone through the review process where most of the weaknesses for a particular design or main variable have already been discovered. To carry out a project efficiently, you will need biostatistical and data management competence. The datasets that you work with in register-based research are generally large and complex. One of the advantages of large-scale register data is the possibility to examine socioeconomic inequalities in health, treatment and prognosis. Sociological competence is beneficial for adding this additional layer to your study. Finally, you will need a high pathophysiological competence relevant to the research question. Otherwise the paper will risk lacking an in depth discussion of the possible biochemical background to the findings presented.
Tip 4: Assess additional data sources that may complement standard administrative data
Registers can often be linked to other sources of information in order to address specific research questions. For example a birth cohort or a randomised controlled trial can be enriched by linkage to registers in order to get complete long time follow up data, which would otherwise be hard to attain (e.g. antibiotic exposure during childhood (Uusijarvi et al. 2014) or long term outcomes after an intervention (Dalen et al. 2015) ). Administrative databases within hospitals may be a way to study patient populations with a certain disease, or symptom. Furthermore, information on blood tests, blood cultures or other tests may be retrieved from laboratory (Selmer et al. 2014) or histopathology databases (Ludvigsson et al. 2009a ). Such information is not commonly available in other registers. Figure 1 depicts how a hospital administrative database was used to conduct a study in 2014 (Bandstein et al. 2014) . The study population was identified from the local register at the Department of Emergency Medicine, which was linked to laboratory data and then to national registers containing additional information. Although the resulting study would not have been possible based only on nationally held register data, the process of linking many data sources together can be time-consuming. As such, we recommend that only experienced research teams take such approaches. An example of how a hospital administrative database was combined with data in national registers to conduct a study in 2014 (Bandstein et al. 2014 ).
Tip 5: Consider collaborating with other countries or regions with similar registers and pooling data
Pooling data is much more complex than performing a single register-based study. As such, it has to be worth it, i.e. you usually only pool data for uncommon exposures, outcomes or important sub-analyses with few events that really need the extra statistical power you gain from pooling. Your ethical permits must cover pooling of data from several centres and you should check with the register holders the extent to which transferring data between centres is allowed. In many cases data are not allowed to leave the country, and all analyses have to be made on local servers via remote access that only allow output to be exported. Alternatively, data can be aggregated before transfer so it no longer contains sensitive information. This facilitates the data transfer process. Before you come to the analyses of the data you have to build a sound dataset. Write detailed codebooks, where all variables from the different registers are compared. For example, many ICD-codes have slightly different versions in different registers and might also have been used in slightly different ways. You also have to identify which variables that are found in all of the participating registers, for which part of the study population and for which part of the follow up time.
Tip 6: Become familiar with the strengths and limitations of available register data -review available documentation regarding appropriate variables to request from register holders and talk to those who have used these registers before
In medical research either the outcome, exposure or the population under study is defined by some kind of medical condition or procedure. Hence, it is crucial that this medical condition, and its time of onset, can be correctly identified in the registers. Acute, well-defined conditions, needing inpatient care, such as myocardial infarction, usually have a higher reliability and validity compared to non-acute diffuse conditions with a gradual disease onset most often treated in outpatient care, such as gastroesophageal reflux. Furthermore, data may be missing in some registers for various reasons. For example, drugs that are administered as part of hospital treatment will most often be missing if data is obtained from a prescription register. It is important to understand the strengths and limitations of each register in order to select the most appropriate data source. Information about the data contained in each register is often available through the register holders. We recommend that this be thoroughly reviewed before deciding which data to request from which register. If a register-based definition has commonly been used and published, one should have very good reasons to choose another definition. In order to ensure transparency and reproducibility the ICD-codes and other criteria used to define your study population should be clearly stated in the manuscript. It should also be noted that although each register has extensive content at the government agencies, researchers are rarely allowed to access the full datasets but will be asked to define what variables they are interested in, and why.
Tip 7: Evaluate the quality/validity of data available and consider conducting a validation study
The quality and validity of the reported condition or variable of interest can vary between registers. Completeness of outcome reporting may vary over time, between geographic regions, and with age of the patients, both as a result of a gradual introduction of new diagnostic techniques, changes in clinical practice and disease coding routines, or through administrative changes. Administrative reasons are nearly always behind sudden changes in disease occurrence etc. Hence it can be valuable to combine information from several registers or demand multiple recordings of inpatient or outpatient visits in order to classify the patient as having the condition of interest with a high degree of certainty (Bauer et al. 2015) . In Sweden, the National Patient Register has nationwide coverage and a high completeness of hospitalizations, diagnoses and surgical procedures (Ludvigsson et al. 2011) ; however, it lacks more detailed clinical data such as disease activity indexes, indications for surgery or discontinuation of a treatment. Thus adding clinical information from disease-specific quality registers (Emilsson et al. 2015) can be useful (as discussed in Tip 1). Hopefully the diagnosis is already validated (Ludvigsson et al. 2011; Razavi et al. 2011; Tao et al. 2015) . If not, it may be necessary to validate the information available before the start of a major research project. The most adequate way of validating the data in the register is to conduct a manual review study. A random sample of hospitalisations or visits reported to the register is drawn and the corresponding medical records are retrieved for manual review. A positive predictive value (Loong 2003) of the register reported condition can be calculated based on the proportion of reported conditions that after manual review of the medical records were judged to be correctly classified. Depending on the condition of interest around 300-1000 medical records usually have to be retrieved and manually reviewed. While one may assume that ethical issues are absent in register-based research, it is not the case. An ethics committee must approve register-based research in most countries, as shown by an overview of the ethical aspects of register-based research . Although informed consent is usually not required for registerbased studies, using data from registers is an enormous responsibility and it is only possible with the trust of the citizens. Precautions should be taken to avoid secrecy and integrity breaches. Hence, register holders usually replace possibly traceable individual identifiers with random numbers before the data is delivered to the researcher. This still allows linkage of data from the same person within and between the delivered data files, but removes the possibility to directly identify the individual. However, these records are, in most cases, still regarded as sensitive individual data. Other ethical aspects that may be considered are the participation of vulnerable subjects (e.g. children or unconscious patients), and the re-use of data (the latter makes the data collection more efficient and is an argument for register-based research).
Tip 9: Ensure necessary IT and computing infrastructure is in place
The secure storage of the data is of prime importance; data should be stored on an encrypted server in a locked room. The large volume of data contained within registers may mean that computer processing capacity will need to be increased. However, the analytical approach can be designed to increase analysis speed without upgrading the infrastructure. For example, it is possible to use Poisson regression in data that has been aggregated across individuals according to key characteristics, thus reducing the number of observations in the data set. Conducting a case-control or case-cohort study on a sub-sample of the study population can also increase computational efficiency. Analytical syntax for register-based research can be shared via platforms such as GitHub (https://github.com); this may provide a useful starting point for those new to register-based research.
Tip 10: Spend time understanding your data and creating an operational dataset that is easy to work with When raw data are received from the register holders, some pre-processing is usually necessary before it is in a format that can easily be used for analyses. The extent of pre-processing depends on the complexity of the research question and the number of registers from which data must be merged. Sufficient time should be taken to understand the data in depth so as to avoid mistakes or overlooking important information. It is useful to create a codebook with detailed definitions, which can be used by all working in the project. Furthermore, it is important to record any changes made to the original data for documentation purposes and so that steps can be retraced and errors corrected at a later stage.
Tip 11: Conduct in depth evaluation of the data you receive to check for unexpected values, trends and patterns
Unexpected trends and patterns may indicate changes in coding practices, or policies over time. Engage in dialogue with register holders to gain further insight in such situations. Unexpected values may be a result of coding errors. For example, coding should be questioned if a patient with repeated diagnoses of urticaria (ICD-10 L50.9) is assigned a diagnosis of angina pectoris in the dermatology clinic (ICD-10 I50.9). In a healthcare setting, misdiagnoses or a lack of differentiation between suspected and confirmed diagnoses can lead to further misclassification. Which records and codes to include in analyses is vital as different combinations may result in an under-or over-estimation of the number of cases. Ensure that the number of records or individuals correspond to national publications for similar data, e.g. figures on disease incidence, mortality or prevalence. Similarly, check that the age and sex distribution is reasonable. Also check for data for reused personal identity numbers, individuals who die more than once, events after death, women who have been classified as primiparous at more than one birth (Sterne et al. 2009 ). In addition, it might be possible to use information or proxy variables from another register or from a different year. The possibility to use substitute data is higher if the information is likely to remain stable over time or is unlikely to change after a certain age for example, education. When using hierarchical variables, e.g. ICD-codes, ascertain the completeness of the required level of detail. If data are missing at the required level it may be an oversight of those providing the information, or this information may have never been recorded.
Concluding remarks
Medical educators with detailed knowledge of a broad range of study designs, and an awareness of the potential limitations of such designs, are essential for the future of evidence based medicine. To help address this need we have compiled 12 tips for conducting register-based research. Our tips summarise characteristics of the research process specific to register-based research, from study design and ethical considerations, to validating the register and managing the data. This paper will improve the subject knowledge of medical educators and those intending to critically appraise register-based studies. Moreover, this paper will act as a practical guide for those considering using register data in their own research.
